Abstract-Tactile sensing is important for both humans and robots especially about force sensing. Although recently some successful tactile sensors have been designed, robot's is still underdeveloped, particularly about sensing multi-modal tactile information and reducing its price. There is a great demand for developing tactile sensors. When a robot exploring perform a complicated manipulation task such as grasping some fragile things, sensing of multi-axis force is important. In this paper, focusing on force sensing, we first develop a stereo vision based optical multi-modal sensor. This sensor consists of a soft skin with markers inserting it, and two RGB cameras. When external force applied to the sensor, the soft layer's deformation would cause movement of markers. A markers tracking algorithm is developed to get the displacement of the markers. A contact force field will be estimated by tracking markers in the soft skin. This sensor could be made with offthe-shelf materials. We make a prototype of this sensor and demonstrate its usefulness in force estimation.
I. INTRODUCTION
Both for humans and robots, tactile sensing is very important sensation when then interact with the environment. During social interaction, humans extract a variety of important tactile information from skin [1] . When we touch an object, we quickly learn a set of tactile information, for instance, the contact force, hardness, shape, texture, etc. Those properties is of vital importance for us to complete dexterous manipulation and guarantee our safety.Just like human's tactile sensation, it is also quite important for robots as well. If a robot was equipped with a tactile sensor in its hand, it can know whether it is holding an object steadily or whether the gripping force is proper. For instance, supposing that we want to picking up a banana. When we execute this operation, on the one hand if the grasping force is too large, the banana will be crushed, on the other hand, if the force is too small, the robot could not grasp the banana steadily. So it's vital for robots to gain tactile information.
In the past decades, various types of sensors have been developed to obtain tactile information. Comprehensive reviews of several successful commercial tactile sensors are given in [2] and [3] . Although they were meticulous designed and achieved great progress, significant limitations exist in currently available robot tactile sensors. For instance,
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This work is supported by NSFC (61722311,U1613214,91648119), CASYouth Innovation Promotion Association Scholarship (2012163). most of current artificial skin is very expensive, which has greatly limited its mass production. Moreover, most of the sensors can only measure the pressure(e.g normal force), they couldn't measuring the other directions of the force like tangential force. So there is a great demand for further develop these sensors, particularly for multi-axial force sensing and reducing the price of the sensors.
In this paper, we concentrate on artificial skin for multiaxial force sensing. There are many camera based tactile sensors, both of them have a similar structure, most of these types sensors have a soft skin made of silica gel and an inside camera. These tactile sensors use the displacement of markers to indicate the magnitude of the force and the motion of markers to indicate the change of the force. However, all of these camera based tactile sensor use only one camera to locate and track the markers, which we think it couldn't accurately gain the markers location, especially the depth information of the markers. Motivated by these tactile sensors, we propose a new artificial tactile sensor for force sensing, we make a prototype of it. The schematic of our optical tactile sensor is shown in Fig.1 . Our tactile sensor is consisted with the following parts: two cameras, a piece of transparency elastomer, an opaque coating layer with black markers, an acrylic box. The cameras are used to capture the images, then through image processing algorithm we can gain the displacement of the markers. By tracking each marker, a 3-axis (x, y, z) force could be gained. In addition, combining multiple markers measurement, we can gain an average contact force which would be robust and useful in the real world application. The acrylic box is used to support the transparency elastomer. The key contributions of our proposed tactile sensor can be summarized as follows:
• For the materials of the sensor, we use low cost and off-the-shell materials to develop our sensor, which is easier to manufacture and much cheaper than other commercial tactile sensors.
• For the construction of the sensor, we first propose a stereo camera based tactile sensor for multi-axis force sensing, which can more accurate measuring the force than these single camera based artificial tactile skin.
• For the markers tracking algorithm and force sensing, a stereo vision based method is developed for to measure the force field.
This paper is organized as follows: In section II, we introduce the rated work about optical based tactile sensors and the general methods to measure force and other tactile information. In section III, we describe the materials and the design procedure of our tactile sensor and introduce our 978-1-5386-7057-6/18/$31.00 © 2018 IEEE Fig. 1 . The schematic of our tactile sensor. This is the side view of our sensor. Our tactile sensor consists of the following parts: two cameras, an elastic layer, an opaque coating layer with black markers, a hard layer made with acrylic plate. The cameras are used to capture the images, then through image processing algorithm we can gain the displacement of the markers. The hard layer is used to support the transparency elastomer. method of measuring the force. In section IV, the feasibility of the scheme is verified through experiments. Finally, we summarize the contribution of our work and discuss potential applications of this work.
II. RELATED WORK Using image sensors to measure force field is decades old. Optical tactile sensors convert signals of the deformation of the soft skin into images. By image processing algorithm, the information carried in the images can be converted to tactile information such as force, geometry, texture, slippage. Because of the high spatial resolution of the images, high sensitivity of the contact information can be achieved. An initial idea of the optical tactile sensor was the [4] , Begej et al. attempted to measure the frustration of the total internal reflection in a waveguide caused by the contact force. Then researchers shifted their attention to measuring the displacement of special designed markers by computer vision. The research is developing towards two mainly directions.
One direction is measuring the contact location and the geometry information about the contact object. A superresolution optical tactile was proposed in [5] , the author demonstrated a novel optical sensor(TacTip) which had the capable of 40-fold localization super-resolution to 0.1mm accuracy with a 4mm resolution between tactile elements. Although they only measured the contact force, their datadriven method to measure the contact location is very novel.In [6] , the author proposed a vision-based tactile sensor to measure the slippage degree. They also made a prototype of the complete experimental platform. In [7] , an new opticsbased tactile sensor was developed to accurately measure the contact localization and indentation depth, they also used a data driven method. In [7] , A visuo-haptic data acquisition system was developed. In [8] , a magic finger was proposed, the sensor senses texture through a micro RGB camera and in [9] , an vision based tactile sensor was proposed to recognize different objects. In [10] , a high-resolution tactile sensor was developed. They used the deformation of a reflection image to achieve the location measurement accuracy of 0.2mm.
The other direction is measuring the contact force and the slippage. They converted the displacement of markers to force using a simple proportional relationship [11] , [12] , [13] , [14] . The external force is is proportional to the displacements of the markers. The resolution of the measuring force field is decided by the resolution of the camera and marker's number. The hardness of the soft layer decide the range of the force field. skin in which the markers were placed. Although there is lack of theoretical proof, a variety of related work make sure the correctness of the model. Recently, this types of sensors have gained a great progress. In [15] , a GelSight sensor was firstly proposed. The GelSight sensor initially designed to measure surface texture and shape using the photometric stereo technology, then the author improved the sensor [16] , [17] , they placed markers on the bottom layer of their sensor, made it could measure the normal force and shear force, moreover, the sensor could measure slip by the relationship between the normal force and shear force. Because of the photometric stereo technology they using, additional light source were needed which limited the size of the sensor. In [11] , a contact force vector estimating methods was developed. In order to measure the normal force, they used two layers of markers whose location is at different depths. In [12] ,the researchers in the Carnegie Mellon University developed an optical tactile sensor combining finger vision, they used the sensor to measure six axis force. For normal force sensing, they calculated the size of the markers, as they discovered the fact that when the sensor was pressed, the size of the markers got bigger which could be converted to the normal force. Especially they used the transparent skin. Our work is close to this research, but we use the opaque skin in order to better track the markers. Moreover, we think it is not a good way to measure the normal force by the size of the markers. So based on stereo vision, we develop a new method to measure the displacement of the markers and then we convert it to the tactile information.
III. OUR METHOD

A. Details of Tactile Sensor
Unlike the tactile sensor described in [12] , we use an opaque acrylic boxes except the top of the box. For the following two reasons, we make the top of the acrylic box transparency. First, the cameras can see through the box and the transparency elastomer, then the markers can be captured by our cameras. Second, except the top of the box, the other faces of the box are opaque, in this way, we shield the external scene which might adversely affect the markers tracking. Finally, in order to make the sensor more durable, we put a layer of protective film on the bottom of it.
1) Building the transparency elastomer: In our work, transparency elastomer selection is a key part. The hardness and the thickness of the elastomer determine the displacement of the markers, which further determine the measurement range and the resolution of the sensor. In general, a hard elastomer is more difficult deformed giving a large measurement range, a soft elastomer could feed back a large shape change corresponding to a high resolution. There is a trade-off between the dynamic range and the resolution of the force. After many tests, we choose the silicone rubber for the following reasons:
• Firstly, the silicone rubber is very easy to get and process, so we can make our sensor in the laboratory conveniently.
• Secondly, transparency is vital for tracking the markers influencing the precision of the force measurement.
• Finally, The hardness of silicone varies widely. We can choose a suitable hardness for our application. Hardness of the rubber is measured on the Shore A scale, where 0 is very soft and 100 is very hard. We choose the hardness of 5 Shore because there is a good trade-off between the measurement range and resolution in this hardness.
After selecting the silicone, we make a cube. The size of the cube is about 40mm x 40mm x 40mm. Firstly we make an acrylic box with five sides as the same size as the silicone rubber. We cover the box with black tapes except the top of the box. So the camera can see through the box. Secondly, we pour the liquid silicone into the box. After curing, the hardness of the silicone is about A-5 shore. Before pouring the silicone into the box, degassing the silicone is very important, because the bubble will influence the transparency.
We show the process of making the see-through skin with markers in Fig 2 .   Fig. 2 . Making the soft layer. (a) shows the silicone rubber. In (b), we put white plastic beads as markers on the silicone rubber. Be aware that in (a) and (b), there are bubbles in the skin having bad influence in markers detection. We put the images here to emphasize the importance of degassing. In the final version of the sensor we blew bubbles seeing in (c) and (d). We add opaque layer in (c) and cover the box with black tapes in (d).
After the silicone is cured, we put markers on the top of the silicone rubber. We make markers with white plastic beads whose spheres are around 3mm In general, a large number of the markers according to a high resolution of the measured force field. However, this means a relatively smaller measurement range of the sensor. After many tests, we typically put the markers about on a 10mm grid.
After the markers are placed, we add an opaque layer to filter the extern scene for better markers tracking. In order to ensure the same flexibility between the opaque layer and the base (i.e the elastomer in the acrylic box). We make the opaque layer with the same material. We mixture extremely fine carbon dust in the liquid silicone, after curing it becomes opaque. Finally, the senor is covered by a thin film in order to protect the silicone skin.
2) Other hardwares: The camera is an important part in our work. The camera's resolution influences the markers detection and tracking. However, too high resolution would increasing the process time. A resolution 1298x958 is suitable in our job. The frame rate of our camera is 30 per second which is fast enough to tracking the change of the markers. Based on the above parameters, we choose two Balser gcA1300-30gc industrial cameras.
The computer has an Intel E3 CPU (3.30 GHz, 8 cores, and 32 GB RAM).
We also designed a platform to support our cameras and sensor.
B. Markers Measurement and Tracking
Markers measurement and tracking is a key part in this paper. We firstly developed a stereo vision based algorithm to measure the displacement of the markers, then we convert the displacement to force.
Different from these methods based on single camera based tactile referring in section II, we use two cameras to determine the location of the marks. We first introduce the coordinate system and notations used in this article. The world coordinate system is the left camera coordinate system, the origin of the coordinates is the optical center C, such that the x axis and y axis is parallel to the image plane. The schematic of our coordinate system can be seen in Fig  3. A marker's location P was described by its coordinates Since we shield the extern scene, the markers can be detected easily. First, we convert the raw image to binary image on the basis of a threshold. This procedure can be done by an existing function in Opencv 1 , cv::adaptiveThreshold. After getting the binary image, we use a connected domain detection algorithm to find the position of the markers in the image. Then a simple filtering algorithm is used to filter the connected domain which represent the markers in the skin. Since the size of the markers don't change, we set a threshold according to the area of the connected domain to filter the truly markers. Then we calculate the centroid of every connected domain supposing that the centroid of the connected domain is the position of the markers in the image. Next we calculate the marker's coordinate in the coordinate system we defined. The location of the markers can be determined by triangulation seen in Fig 4. 
'
The method of triangulation. Fig. 4 . After carefully calibrating, the standard stereo vision system can be described in Fig.4 .
In Fig 4, we describe the method of triangulation. O L is the center of left camera, O R is the center of right camera. P is a marker point in the skin with its location unknown. We use [X, Y, Z] describing its location. p is the projected image point according to P captured by left camera and p is the projected image point according to P captured by right camera. b is the length of baseline and f is focal length of camera, both of them can be calculated by stereo camera calibration. d is the disparity calculated by x L − x R . Z is the depth which we want to calculate.
With the stereo vision in standard form and by considering similar triangles (P O L O R and P pp ), we can get the depth Z.
From the formula (1), we can deduce Z:
After getting the depth Z, the coordinate of can be easily calculated by the following equations:
u, v is the pixel coordinate in the left image.
Repeating the process for each marker in the skin, we can get each marker's location. Note that before this process, we should calibrate the cameras. After getting location of the markers, we can estimate the force field. A simple marker tracking algorithm was designed. First the marker's positions was initialized, we called this step as markers calibration. 20 frames are used to calibrate the markers, then initial marker Algorithm 1 Marker Tracking and Force Measurement 1: Calibrate the cameras using the existing algorithm in Opencv. 2: Calculate the pixel coordinate of the markers in the image. 3: Initial the positions of the markers. 4: In each frame, track the markers and measure the displacement of each markers. 5: Convert the displacement to force by equation (5) .
positions could be gained by taking an average of the markers positions.
Second, we calculate the displacement of the markers. After gainning each marker's displacement dx, dy, dz, we estimate the contact force as:
where f x , f y , f z are conversion coefficients. In order to get a robust estimation about the force field, we average the f . The proposed method of tracking markers and measuring force is summarized in Algorithm 1.
IV. EXPERIMENT AND RESULTS
The performance of our tactile sensor was tested in some experiments. For human readability, we don't convert the displacement of the markers to regular units such as Newtons. In stead we use the conversion coefficients f x , f y , f z in equation (5) to convert the displacement.
A. Markers Detection and Tracking
We show our markers detection result in Fig.5 . The red points represent the center of the markers. The result shows that the markers can be well detected. In Fig.6 and Fig.7 we show the markers tracking result. We use red circles to denote the initial markers and the blue circles are used to denote the markers in the current frame. We connect the corresponding points with red lines. Fig.6 shows the result of tracking a specified marker. In this experiment, we touch a specified marker making sure the other markers hardly moving. Fig. 6 . The result of tracking a specified marker. In this process, we press a specified marker showed in the figure. we first press it slightly then gradually increase the force. (a) shows the initial location of markers. (b) shows the result of markers tracking during slightly press. (c) shows the result of markers tracking when the skin was firmly pressed. Fig.7 shows the result of tracking all markers. we repeat the experiment mentioned above, but we press all the makers instead of press a specified marker. The result in Fig.6 and Fig. 7 . The result of tracking all markers. From (a) to (c), we use a flatended indenter pressing the skin. Initially, we press the skin lightly, then gradually increase the force. Fig.7 demonstrates that our method can tracking the markers well both for specified marker and all of the markers.
B. Force Measurement
In order to test our sensor's response to different external loads, we pushed the skin by a human in a specially designed pattern. The average force (x, y, z) are showed in Fig.8 . At time of t1 and t2, we pressed our sensor using a force whose direction towards x + and y + . At time of t3, we pressed our sensor using a force whose direction towards x + , y − and z + . At time of t4, we pressed our sensor using a force whose direction towards x + , y + and z + . At time of t5, we pressed our sensor using a force whose direction towards x − , y − and z + . These results show that our method have a good estimation for the external 3-axes force.
The measured force field are showed in Fig.9 , we push the skin with an flat-ended indents so almost all of the markers were moved. In Fig.9 , the direction of the arrows denote the 
V. DISCUSSION
A. Why not the force estimate was converted to an engineering units (e.g. Newtons)?
Similar to many rated work [11] , [12] , [13] , [14] , it's not necessary for the force converted to an engineering units. In the future, some machine learning methods [18] will be used to learn more complicated models. Such as real-time relative slip detection, in such case, converting the contact tactile information to engineering units is not necessary. However, using an engineering units will be generalized to other situations, so it also should be considered. According to the work in [12] , [13] , converting the force estimate to engineering units is very simple. Only needing to adjust the coefficients [f x , f y , f z ]. These coefficients can be determined by calibrating. The calibration methods are similar with methods in [13] .
B. The size, hysteresis of the sensor
In this paper, the size of our sensor is too big to make a human fingertip-size device. The bottle necks are camera. However,thanks for developing of smart phones, a variety of small cameras have been developed in recent time. So we intend to design a fingertip-size tactile sensor for future.
Hysteresis was found, especially a strong force was applied to the sensor. This is mainly because the hysteresis effect of the soft layer. Once the deformation of the soft layer is large, it cost time restoring. A way to solve this problem is increasing the sickness of the soft layer and improving the elasticity of the silicone rubber.
VI. CONCLUSIONS
In this paper, we developed an optical-based tactile sensor with off-the-shelf materials. The structure of the sensor is very simple: a transparent soft layer with markers, two industrial cameras, an acrylic box supporting the soft layer, an opaque layer to shield the extern scene. A simple but valid method was developed to estimate the force. The important feature of our method is the stereo-based markers measurement and tracking algorithm which is firstly used in tactile sensing. Using this algorithm, we get the displacement of the markers and convert them to human readability force. Experimental results demonstrate the effectiveness of our method. In the future, we intend to develop a fingertip-size tactile sensor.
